Promoter chromatin structure has a key role in transcription regulation, but the exact mechanisms of chromatin regulation are still poorly understood (Kornberg and Lorch 1999; Li et al. 2007; Rando and Ahmad 2007) . It is well accepted that nucleosomes decrease the accessibility of promoter DNA and thus hinder the binding of transcription factors to regulatory elements (Richmond and Davey 2003; Segal et al. 2006) . Consistent with this, active promoters tend to be depleted of nucleosomes (Pokholok et al. 2005; Lee et al. 2007) , and gene activation is often associated with nucleosome eviction (Lee et al. 2004; Hogan et al. 2006) . Based on these results, the emerging picture portrays nucleosomes as an obstacle for transcription, and chromatin remodeling as the means to overcome repression by nucleosomes (Kornberg and Lorch 1999) . However, this view is likely to be an oversimplification since many active regulatory elements are not depleted of nucleosomes, and since nucleosomes are regulated by numerous mechanisms whose exact functions are yet unclear, including nucleosome remodeling, histone modifications, and histone variants (Li et al. 2007) .
Genes differ not only in their expression level but also in their capacity to alter expression levels in response to various signals. Some genes are constitutively expressed with little influence from the cellular state, while others respond to external and internal signals and dramatically modify their expression levels. Interestingly, expression of the latter genes appears to also have higher stochastic fluctuations (noise) and faster evolutionary divergence (Tirosh et al. 2006; Landry et al. 2007) , perhaps indicating that their expression variability is hardwired in the corresponding promoters' design.
What controls this property of expression variability? Several studies linked expression divergence to chromatin regulation Choi and Kim 2008) , while others linked it to the presence of a TATA box in promoters (Tirosh et al. 2006; Landry 2007) . Interestingly, the TATA box has been associated with increased dependence on chromatin regulation (Basehoar et al. 2004) and with an atypical nucleosome occupancy (Ioshikhes et al. 2006; Albert et al. 2007; Tirosh et al. 2007) . Taken together, these results suggest that expression variability could depend on promoter chromatin structure, although the nature of such association is not yet clear.
A recent study generated high-resolution data of nucleosome occupancy across the yeast genome (Lee et al. 2007 ). These valuable data now allow for a direct examination of the genomewide patterns of nucleosome occupancy and their relationship with transcription regulation. Analyzing these data, we found that expression variability, as well as the dependency on chromatin regulation, are correlated with the patterns of promoter nucleosome occupancy. Furthermore, promoters can be classified by their patterns of nucleosome occupancy, defining two enriched promoter classes with high or low transcriptional plasticity, respectively. We analyze these classes of promoters and show how they differ in the positioning and dynamics of nucleosomes and in their regulation by transcription factors and chromatin regulators. Analysis of human promoters shows the same qualitative association between nucleosome positioning and gene transcriptional plasticity, suggesting a conserved function for the patterns of promoter nucleosomes.
Results
High nucleosome occupancy near the transcription start site is associated with transcriptional plasticity
We collected a data set of more than 1500 transcription profiles (Ihmels et al. 2002) describing the expression changes of all yeast genes upon a variety of conditions (environmental stresses, mutations, or developmental transitions). Using these data, we cal-culated for each gene the average magnitude by which its expression was modulated across all conditions, or a subset of them (see Methods). Each gene was thus assigned a transcriptional plasticity measure, quantifying the dynamic range of its expression level. We then asked whether the transcriptional plasticity of a gene is correlated with nucleosome occupancy at the 150 bp upstream of the transcription start site (TSS) (Lee et al. 2007 ). As reported previously (Lee et al. 2004 (Lee et al. , 2007 Pokholok et al. 2005) , average mRNA levels (mRNA abundance) tend to decrease with increasing nucleosome occupancy. In contrast, transcriptional plasticity increased with nucleosome occupancy (Fig. 1A) , and this result also persisted when we excluded TATA-containing genes (data not shown).
Notably, transcriptional plasticity was correlated with nucleosome occupancy also when restricting the analysis to genes with high expression levels in rich media (where nucleosome occupancy was measured), indicating that the high nucleosome occupancy of high-plasticity genes is not due to their specific repression in rich media (Supplemental Fig. 1 ). Furthermore, we measured transcriptional plasticity separately for activation or repression (Methods) and found that plasticity increases with nucleosome occupancy regardless of the direction of the expression change (Supplemental Fig. 2) .
High nucleosome occupancy could make regulatory elements inaccessible, and thus the corresponding promoter would be less responsive to signaling pathways (Li et al. 2007 ). However, we observe the opposite, namely that promoters with high occupancy are in fact more responsive. An alternative explanation is that such promoters are subjected to more extensive regulation of chromatin structure and are thus more responsive to external and internal cues. To test this possibility, we utilized a compendium of 170 expression profiles of strains defective for various chromatin regulators (Steinfeld et al. 2007 ) and calculated the average expression change of each gene due to these defects, i.e., the sensitivity to disruption of chromatin regulation. As expected, sensitivity to chromatin regulation also increased with nucleosome occupancy (Fig. 1A) .
Differential impact of TSS-proximal and TSS-distal nucleosome occupancy
In addition to the total number of promoter nucleosomes, mRNA abundance and transcriptional plasticity could also depend on the precise pattern by which nucleosomes are arranged across the promoter. To examine the possibility that different promoter regions carry distinct information about gene expression, we reanalyzed the correlation between nucleosome occupancy and mRNA abundance or transcriptional plasticity, considering this time the occupancy at each particular position among the 400 bp upstream of the TSS (Fig. 1B) (Lee et al. 2007) . Consistent with the notion that nucleosome depletion facilitates transcription, mRNA abundance was negatively correlated with nucleosome occupancy at most promoter positions. Notably, the major influence of nucleosome occupancy appeared to be concentrated at distal upstream regions, whereas the occupancy at the ∼150 bp vicinity of the TSS had a relatively moderate correlation with mRNA abundance. In contrast, transcriptional plasticity was correlated with the occupancy across all promoter regions, but in a pronounced position-dependent manner: Transcriptional plasticity increased with the occupancy of nucleosomes at the ∼150 bp vicinity of the TSS, but in fact decreased with the nucleosome occupancy at more distal upstream regions. Notably, similar correlations were observed when gene activation and repression were considered separately (Supplemental Fig. 2) . Furthermore, the correlation between nucleosome occupancy and the sensitivity of gene expression to disruption of chromatin regulation exhibited very similar position dependence (Fig. 1B) .
Two patterns of promoter nucleosome occupancy
Our results suggest that the presence of a nucleosome at the ∼150 bp vicinity of the TSS has a moderate influence on transcript levels but largely facilitates the capacity to modulate these levels. Previous studies implicated this region as nucleosome-free (Yuan et al. 2005; Ioshikhes et al. 2006; Lee et al. 2007) , following the observation that it is highly depleted of nucleosomes in many yeast genes. The observation that nucleosome occupancy in this region is still strongly correlated with transcriptional plasticity suggested to us that genes might differ in the organization of nucleosomes across their promoters, with different organizations conferring distinct logic of gene regulation and dependence on chromatin remodeling. Correlation between nucleosome occupancy and transcription regulation. Nucleosome occupancy was compared with three aspects of transcription regulation: mRNA abundance (blue), transcriptional plasticity (average of the squared log 2 expression ratio) to a range of perturbation (green), and sensitivity to chromatin regulation (red). These three measures were normalized by subtracting their means and dividing by their standard deviations. (A) Genes were ordered by their average occupancy at the 150 bp upstream of the TSS, and a sliding window (window size of 500 genes) is shown for the three measures of transcription regulation. (B) Correlations between nucleosome occupancy at each position (from ‫004מ‬ to 0, relative to the TSS) and the three measures of transcription regulation.
To examine the possibility of gene classes with different patterns of nucleosome occupancy, we summarized the patterns of nucleosome occupancy at each promoter by two numbers: the overall occupancy at the 100 bp proximal to the TSS (which is associated with high plasticity), and the overall nucleosome occupancy at the more distal region ‫004מ(‬ to ‫,)051מ‬ which is associated with low mRNA abundance and low plasticity. Reducing the overall nucleosome organization to just these two numbers is justified by our analysis in Figure 1 , demonstrating a distinction between nucleosome occupancy at these promoter regions, and by the negative correlation between nucleosome occupancy at these different positions (Supplemental Fig. 3 ).
When positioned along these two axes, two prominent classes of genes emerged ( Fig. 2A ; Supplemental Tables 1, 2). Genes of the first class, depleted proximal-nucleosome (DPN), exhibited low occupancy close to the TSS and high occupancy at the more distal region (Fig. 2B ). These genes were characterized by low transcriptional plasticity and low sensitivity to disruption of chromatin regulators. By contrast, genes of the second class, occupied proximal-nucleosome (OPN), exhibited relatively high nucleosome occupancy close to the TSS coupled with relatively low occupancy at a more distal region, whose exact positions are gene-specific (Fig. 2B ). The expression of these genes is characterized by high transcriptional plasticity and sensitivity to chromatin regulation, as well as higher levels of stochastic fluctuations (Newman et al. 2006 ) and evolutionary divergence ( Fig. 3A ) (Tirosh et al. 2006) . Notably, the difference between the expression variability of the two promoter classes is not confined to specific conditions but is rather prevalent: OPN genes were enriched with expression changes, compared with DPN genes, at 87% of all expression profiles and in particular at 89% of the defects in chromatin regulators, while the opposite (enrichment of DPN) was observed only in 2% and 5%, respectively (see Methods) . In contrast to these widespread differences in expression variability, the absolute mRNA levels in rich media are comparable between the two classes (Fig. 3A) .
In addition to the differential transcriptional plasticity, the two classes differed substantially in their overall promoter organization. DPN promoters displayed a characteristic pattern of nucleosome occupancy that includes well-positioned and high-occupancy nucleosomes at the distal promoter region, contrasted with a substantial nucleosome-free region (NFR) directly upstream of the TSS that is enriched with transcription factor binding sites. These promoters are enriched with the histone variant H2A.Z (Fig. 3B ), which could help to establish the NFR (Raisner et al. 2005; Zhang et al. 2005 ). In contrast, OPN promoters had more uniform nucleosome occupancy, with a lower occupancy at the location of predicted nucleosomes and higher occupancy at predicted linker DNA, compared with DPN promoters (Fig. 3B; Supplemental Fig. 4 ). This pattern suggests that nucleosome positioning at these promoters is more dynamic, and thus the measured occupancies reflect averaging over multiple states. Indeed, promoters of this class were enriched with predicted "fuzzy" nucleosomes (Lee et al. 2007 ) (P < 10
‫4מ‬
; see Methods). Furthermore, OPN promoters had significantly higher rates of histone H3 turnover (Dion et al. 2007 ) than those of DPN promoters ( Fig. 3A ; P = 3 ‫ן‬ 10
‫21מ‬
). Notably, the higher turnover rates at OPN promoters were found both for the proximal and distal regions (data not shown), and thus appear to be a general property of these promoters.
Transcription factor binding sites at the two promoter classes
Transcription factor binding sites are enriched in OPN promoters compared with DPN promoters (Fig. 3C) . Interestingly, the location of binding sites in the two classes is consistent with the patterns of nucleosome occupancy ( Fig. 3D ): Binding sites are highly localized to the NFR of DPN promoters, but are distributed more uniformly throughout OPN promoters with a weak enrichment around ‫.002מ‬ The broad distribution of binding sites at OPN genes likely reflects the variability between different genes, whereby each promoter has a different requirement for the positions of binding sites according to its specific promoter structure. However, this distribution could also indicate that due to their dynamic nature, individual OPN promoters lack such requirements for the positioning of binding sites. To examine this possibility, we analyzed the differences in binding site positions among promoters of closely related yeast species (Doniger and Fay 2007) . Changes in the positions of binding sites (i.e., binding site turnover) are fivefold more frequent at OPN promoters compared with DPN promoters (39 cases in OPN and seven cases in DPN; P < 10 ‫5מ‬ ), suggesting that OPN promoters have fewer constraints on binding site position.
As expected, OPN promoters are also highly enriched with TATA boxes (Basehoar et al. 2004) , whereas TATA boxes are underrepresented in DPN promoters (Fig. 3C) . Previous studies have shown that TATA-containing genes are associated with increased expression variability and divergence (Tirosh et al. 2006; Landry et al. 2007 ). However, the enrichment of TATA-containing genes cannot account for the expression variability of OPN genes: De- The pattern of nucleosome occupancy at each promoter was summarized by two values: the average occupancy at ‫001מ‬ to 0 (proximal region), and that at ‫004מ‬ to ‫051מ‬ (distal region). For each of these values, the genes were sorted and divided into eight equal bins. We examined the number of genes in each combination of bins for the two values and compared it with the expected number if the two values were independent. Colors specify the log 2 of the ratio between the observed and expected number of genes in each combination of bins: (red) positive values (enrichment), (green) negative values (depletion). (B) Two classes were defined based on their enrichment: low occupancy at the proximal region and high occupancy at the distal region (DPN), and high occupancy at the proximal region and low occupancy at the distal region (OPN).
spite their enrichment, TATA-containing genes comprise approximately half of the OPN genes, and the other half of TATAless OPN genes are also characterized by high expression variability. Two-way analysis of variance (ANOVA) indicates that both the DPN/OPN and the presence/absence of TATA have a significant effect on each of the expression variation attributes examined above, including transcriptional plasticity, sensitivity to chromatin regulation, expression noise, and expression divergence (Supplemental Figs. 5, 6) . In contrast, only DPN/OPN has a significant effect on histone turnover, and only TATA has a significant effect on mRNA abundance. These results indicate that chromatin structure (DPN versus OPN) has an impact on expression variability irrespective of the presence of TATA, and vice versa that TATA has an impact on expression variability irrespective of chromatin structure, although the two effects may also act synergistically (Supplemental Figs. 5, 6) .
Interestingly, the positions of TATA boxes also differ between the two classes (Fig. 3D) . Unlike most eukaryotes, where the TATA box is located precisely 30 bp upstream of the TSS, yeast TATA boxes are more distant from the TSS, and their positions are variable among different genes (Giardina and Lis 1993) . While the reason for this variability is yet unclear, previous studies suggested that Pol II binds the promoter near the TATA and scans the downstream DNA until reaching the TSS (Kuehner and Brow 2006) . Our results suggest that nucleosome positions could partially account for the variability of yeast TATA positions, and may influence the promoter scanning of Pol II.
Additional patterns of nucleosome occupancy
Despite the enrichment of the two classes mentioned above, other patterns of nucleosome occupancy were also observed. For example, cytosolic ribosome genes tend to display the typical NFR directly upstream of their TSS but also have relatively low nucleosome occupancy at more distal promoter positions, consistent with the location of transcription factor binding sites and their high expression levels (Supplemental Fig. 7) .
To characterize additional classes of promoter nucleosome organization in an unbiased manner, we clustered genes according to their patterns of nucleosome occupancy (Lee et al. 2007 ). Based on visual inspection we chose to focus on the division into eight clusters, although different divisions did not change our conclusions (data not shown). As expected, three clusters were associated with a distinct NFR directly upstream of the TSS and well-positioned nucleosomes at distal regions, thus corresponding to the DPN class. In contrast, two other clusters corresponded to the OPN class, with high occupancy directly upstream of the TSS and lower occupancy at more distal regions. The nucleosome patterns of each of the eight clusters, as well as their distribution of binding sites, expression properties, and functional enrichments are given in Supplemental Figure 8 , reproducing our findings from the analysis of just the two classes (DPN and OPN) . Importantly, the average transcriptional plasticity of each cluster is highly correlated with the ratio between nucleosome occupancy at the TSS-proximal and distal regions ( Fig. 4A ; r = 0.93; P < 0.01).
Analyses of human promoters reproduce the distinction between promoter classes
To examine whether the connection we identified between nucleosome occupancy and gene regulation is conserved across evolution, we wished to extend the analysis to other organisms. Recently, the nucleosome occupancy of ∼3700 human promoters was characterized at high resolution in seven cell lines (Ozsolak et al. 2007 ). The patterns of promoter nucleosome occupancy were highly correlated among six cell lines, and, accordingly, we considered their average occupancy. Unlike the yeast data, the patterns of human nucleosome occupancy seemed to be more complex, and we could not divide the promoters reliably into two broad classes (see Methods). Instead, we grouped the promoters into eight clusters and examined the ratios between their occupancy at the TSS-proximal region ‫051מ(‬ to 0) and TSS-distal region ‫004מ(‬ to ‫)002מ‬ (Supplemental Fig. 9) . Out of the eight clusters, five had significantly lower occupancy in their proximal region (low proximal/distal ratios), consistent with a NFR, two clusters had approximately the same occupancy at both regions, and one cluster had significantly higher occupancy in the proximal region (high ratio). The two clusters with the lowest (425 genes) and highest (296 genes) ratios are reminiscent of the yeast DPN and OPN classes, and we thus refer to them as human DPN and OPN, respectively.
To examine the association of nucleosome patterns with 
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Cold Spring Harbor Laboratory Press on November 2, 2017 -Published by genome.cshlp.org Downloaded from transcriptional plasticity, we calculated the average expression changes of human genes in response to 164 distinct bioactive small molecules (Lamb et al. 2006) . Strikingly, as in the yeast analysis, the average transcriptional plasticity of the eight promoter clusters was highly correlated with their ratios of occupancy between the proximal and distal regions ( Fig. 4B ; r = 0.88, P < 0.01). Furthermore, the human OPN cluster displayed particularly high transcriptional plasticity. This cluster was enriched with lowly expressed genes, but was nevertheless associated with plasticity for both activation and repression (data not shown). To further verify the correlation between transcriptional plasticity and the patterns of nucleosome occupancy, we separately calculated plasticity from another data set containing the expression patterns of 79 human tissues (Su et al. 2004 ) and found similar results (see Methods; Supplemental Fig. 10) . Moreover, the OPN class is significantly enriched with CpG-poor promoters (Fig. 4C) , which tend to have tissue-specific expression patterns (Saxonov et al. 2006 ). We thus conclude that the correlation between nucleosome patterns and transcriptional plasticity appears to be conserved from yeast to humans.
We next tested whether additional properties that distinguish the two promoter classes in yeast are conserved also in humans (Fig. 4C) . First, we examined the presence of TATA boxes in the human DPN and OPN clusters (Tirosh et al. 2006) . Consistently, we found that the percentage of TATA-containing genes in the OPN cluster is threefold higher than that in the DPN cluster. Second, we examined the localization of the histone variant H2A.Z (Barski et al. 2007 ) and found significant enrichment in the DPN cluster. Third, we examined the ratio between maximal occupancy within a nucleosome and minimal occupancy surrounding it (peak-to-trough ratio), as an estimate of dynamic nucleosome localization: High ratios indicate well-positioned nucleosomes, while low-ratios could indicate dynamic localization. OPN genes had significantly lower ratios, consistent with their dynamic nucleosome localization. Taken together, all three analyses reproduced the results found in the yeast data.
Discussion
We have shown that the pattern of promoter nucleosome occupancy is correlated with the capacity of genes to alter their expression levels. Promoters were found to be enriched with two patterns of nucleosome occupancy, corresponding to low or high plasticity. In particular, high-plasticity genes tend to have high nucleosome occupancy directly upstream of their TSS and dynamic nucleosome positioning with high turnover rate. Analyzing these promoter classes, we found that they also differ in other regulatory properties, including the frequency and distribution of transcription factor binding sites and the TATA box, the presence of histone variant H2A.Z, and their sensitivity to chromatin regulation. Notably, these features appear to be conserved from yeast to humans.
Importantly, the high occupancy near the TSS of highplasticity genes does not imply their repression. First, the expression levels of these genes, at conditions similar to those where nucleosome occupancy was measured, are comparable to those of genes with a pronounced NFR ( Fig. 3A; Supplemental Fig. 5 ). Second, expression levels are correlated with the overall nucleosome occupancy across the promoter but not with the relative pattern of nucleosome occupancy, whereas transcriptional plasticity is only correlated with the relative pattern of nucleosome occupancy ( Fig. 5A; Supplemental Fig. 13 ). These results may suggest that overall nucleosome occupancy specifies the extent to which a promoter region is in "open" or "closed" chromatin, and is thus important to maintain high expression levels, while the relative pattern of nucleosome occupancy specifies the logic of gene regulation.
Third, comparison of yeast nucleosome occupancy between normal and heat-shock conditions (Shivaswamy et al. 2008) indicates that >80% of the DPN and OPN genes retain their nucleosome patterns, even if their expression levels are altered upon heat shock (Supplemental Fig. 14) . Furthermore, promoter changes in nucleosome patterns appear to be less frequent than changes in overall nucleosome occupancy both for yeast and among human cell lines (Supplemental Figs. 14, 15) . Therefore, most genes appear to have an inherent pattern of nucleosome occupancy that may be important for their proper regulation and variability. Fig. 11 ; Schones et al. 2008) . In addition, the ratio of human nucleosome occupancy was also significantly correlated with binding of CTCF and several histone H3 methylations (Supplemental Fig. 12 ; Barski et al. 2007 ).
Our results suggest two general strategies for the regulation of gene expression by nucleosomes (Fig. 5B) . Low-plasticity genes are associated with a static architecture of well-positioned nucleosomes and a substantial NFR directly upstream of the TSS. This pattern (DPN) may require deposition of the histone variant H2A.Z (Raisner et al. 2005; Zhang et al. 2005) , which is enriched in DPN promoters (Fig. 3A) . Regulatory elements are placed within the NFR and are thus accessible to transcription factors, whereas spurious elements are probably buried at well-positioned nucleosomes (Yuan et al. 2005; Liu et al. 2006; Narlikar et al. 2007) . Therefore, binding of transcription factors to regulatory elements at the NFR might not require chromatin remodeling. This could explain the relatively low dependence of the corresponding gene expression on the disruption of chromatin regulators, and also the low level of expression noise (Fig. 3C) , which is predicted to depend largely on chromatin remodeling (Raser and O'Shea 2004; Batada and Hurst 2007) .
High-plasticity genes, on the other hand, are associated with more homogenous and dynamic nucleosome occupancy across promoters, and particularly high occupancy close to the TSS (Fig.  5B) . In these promoters (OPN), transcription factor binding sites are more distant from the TSS and often are located within a region that is relatively occupied by nucleosomes, compared with the NFR of low-plasticity genes. It is possible that this organization reflects a dynamic competition between nucleosomes and transcription factors for binding the promoter (Miller and Widom 2003) , consistent with the high rate of histone turnover in these promoters. Furthermore, the relative distance of the binding sites from the TSS may indicate that the binding of transcription regulators is only the first step in promoter activation, requiring the subsequent transient eviction of nucleosomes from the TSSproximal regions to allow for the binding of additional regulators and/or general transcription machinery. This model is consistent with recent suggestions for the condition-dependent binding of Rap1 at certain promoters (Buck and Lieb 2006) and for the regulated accessibility of TATA boxes (Ioshikhes et al. 2006) . As expected, such a design is more sensitive to the action of chromatin regulators that might be required for nucleosome eviction at the TSS and could also influence the competition between nucleosomes and transcription factors. The dependence on chromatin remodeling could be the underlying cause for the higher variability of the respective gene expression.
Previous studies suggested that TATA-containing and TATAless promoters have different chromatin structure (Ioshikhes et al. 2006; Albert et al. 2007; Tirosh et al. 2007 ), while other studies have shown that TATA-containing genes have higher expression variability compared with TATA-less genes (Landry et al. 2007; Tirosh et al. 2007 ). Our results suggest that the higher expression variability of TATA-containing genes may partially reflect the chromatin structure of these genes (OPN), although the TATA box appears to also have an independent effect on expression variability ( Supplemental Figs. 5, 6 ), perhaps due to increased rates of re-initiation as previously suggested (Raser and O'Shea 2004; Blake et al. 2006; Tirosh et al. 2007 ). It would be interesting to examine if TATA boxes are mechanistically preferred at OPN promoters, or whether their enrichment at OPN promoters is an evolutionary consequence of the similar impact of TATA and OPN architecture on the dynamics of gene expression.
OPN genes display higher expression variation at multiple levels, including stochastic noise, response to perturbations, and evolutionary divergence, suggesting that the propensity for expression variation is hardwired in their promoters. This property could have been selected for in evolution if it is beneficial under certain circumstances. For example, upon changes in the environment, noise in gene expression could make some individuals in a population more fit due to unusually high or low expression of specific genes (Kaern et al. 2005) . However, for these individuals to perpetuate and generate an adapted population, their unusual expression patterns should be inherited without sufficient time for fixation of genetic mutations. It would thus make sense, from an evolutionary perspective, to encode the property of expression variation in chromatin structure, thereby enabling its epigenetic inheritance.
Methods
Nucleosome occupancy
Nucleosome occupancy of ∼5000 yeast promoters (400 bp upstream of the TSS) was taken from Lee et al. (2007) . The positions of TSSs were defined as in Lee et al. (2007) . Restricting the data to unidirectional promoters did not change the results (data not shown). For each gene, we calculated the average occupancy at the TSS-proximal region ‫001מ(‬ to 0) and distal region ‫004מ(‬ to ‫.)051מ‬ The yeast regions ‫001מ(‬ to 0, ‫004מ‬ to ‫)051מ‬ were determined from visual inspection of Fig. 1B and Supplemental Fig. 3 : Nucleosome occupancy at ‫001מ‬ to 0 is positively correlated with transcriptional plasticity, and at ‫004מ‬ to ‫051מ‬ is negatively correlated with transcriptional plasticity (Fig. 1B) ; nucleosome occupancy is positively correlated among positions from ‫001מ‬ to 0 and is negatively correlated between these positions and ‫004מ‬ to ‫051מ‬ (Supplemental Fig. 3 ). Changing these definitions (e.g., ‫051מ‬ to 0 instead of ‫001מ‬ to 0) did not significantly alter any of the results (data not shown).
Genes were sorted and divided into eight bins with equal numbers (614 genes) for each region. We then examined the number of genes in each combination of bins (Supplemental Table 1 ) and compared it with the expected number if the two promoter regions were independent (i.e., 1/64 of all genes in each combination). The enrichment of each combination was quantified as log 2 (observed/expected). Combinations with either high occupancy at both regions or low occupancy at both regions were underrepresented, whereas combinations with low occupancy at one region and high occupancy in the other were typically enriched. We thus defined two broad classes of enriched combinations: low-occupancy at the proximal region but high occupancy at the distal region (DPN), and high-occupancy at the proximal but low occupancy at the distal region (OPN). To examine the different patterns of occupancy in an unbiased manner, we clustered the patterns of promoter nucleosome occupancy using deterministic annealing and defined eight distinct clusters. Lee et al. (2007) predicted the location of nucleosomes from the raw data of nucleosome occupancy. Since many nucleosomes appeared to span a larger region than that of well-positioned nucleosomes, they divided the predicted nucleosomes into "wellpositioned" and "fuzzy." For each promoter (400 bp upstream of the TSS), we calculated the percentage of bases that are predicted to be occupied by a fuzzy nucleosome (out of all occupied bases). This percentage was significantly higher in OPN compared with DPN genes (P = 4 ‫ן‬ 10
‫5מ‬
, as determined by a Wilcoxon rank sum test).
Rates of histone H3 turnover were taken from Dion et al. (2007) , normalized, and compared between OPN and DPN genes. We found that OPN promoters have significantly (P < 0.05) higher turnover rates than DPN promoters when considering the maximal rates across either all probes in each promoter (Fig. 3A) , or across only probes in the proximal promoter region or only probes in the distal promoter region (data not shown).
Human nucleosome occupancy was taken from Ozsolak et al. (2007) and averaged over all experimental repeats and cell lines, except for A375, which had low correlations with all other cell lines. The data were mapped to human promoters (700 bp upstream of the TSS) using the TSS positions from the UCSC genome browser (Karolchik et al. 2004) . We repeated the analysis in Figure 2A for the human data but did not find strong enrichment of specific patterns as in the yeast data. We therefore clustered the human nucleosome data using deterministic annealing, and examined the division into eight clusters. The two clusters with the most significant differences between the proximal and distal regions were denoted as human DPN and OPN. The human regions ‫051מ(‬ to 0 and ‫004מ‬ to 200) were defined based on visual inspection of the clusters in Supplemental Fig. 7 . Also here, changing these definitions (e.g., ‫001מ‬ to 0 or ‫002מ‬ to 0 instead of ‫051מ‬ to 0) did not significantly alter any of the results (data not shown). Peak-to-trough ratios of predicted nucleosomes were averaged over the six cell lines and used to estimate dynamic nucleosome positioning.
Gene expression
Nucleosome occupancy was compared with three measures of gene expression:
(1) mRNA abundance at rich media, which was averaged over multiple studies (Beyer et al. 2004 ) and log 2 -transformed. (2) Transcriptional plasticity, which was estimated as the average of the squared log 2 expression ratio from a large number of microarray experiments (Ihmels et al. 2002) . As controls, transcriptional plasticity was calculated separately for upregulation (average square of positive log 2 expression-ratios) or down-regulation (average square of positive log 2 expression-ratios), or was calculated for a subset of the microarray experiments in which all reference samples corresponded to rich media. These alternative measures did not significantly change our results (data not shown). (3) Sensitivity to disruption of chromatin regulators, which was similarly defined based on a smaller data set compiled by Steinfeld et al. (2007) ; this measure quantifies the extent by which the expression of each gene depends on the activity of chromatin regulators.
These measures, as well as noise (Newman et al. 2006 ) and evolutionary divergence (Tirosh et al. 2006 ) of gene expression were centered and normalized, such that their means are zero and standard deviations are one.
In each of the expression profiles, we calculated the number of DPN/OPN genes whose expression changed by at least twofold, and we quantified the enrichment of DPN/OPN genes with a binomial test. This was done separately for down-regulated or up-regulated genes, and the most significant P-value of each expression profile was used to determine significance, with a Pvalue threshold of 0.025. The expected frequency of profiles with enrichment of OPN regulated genes is therefore 0.025 ‫ן‬ 2 = 5%, while we observed 87% and 89% for all expression profiles and those of defects in chromatin regulators, respectively.
Human transcriptional plasticity was calculated as the sum of squares of the log 2 expression ratios from Lamb et al. (2006) , which measured the response of several cell lines to various small molecules. Restricting the data only to the MCF7 cell line did not change the results (data not shown). In addition, transcriptional plasticity was calculated from the expression patterns of genes among 79 human tissues (Su et al. 2004) . In this data set, we divided each expression level by the average expression level of the corresponding gene among all tissues, thus generating expression ratios. Transcriptional plasticity was then defined as the sum of squares of the log 2 -transformed expression ratios.
Binding sites
Yeast transcription factor binding sites (MacIsaac et al. 2006) were mapped to promoters. The number of promoters with multiple binding sites was compared between the two classes, and the distribution of binding site locations (relative to the TSS) was examined in the two classes as well as in eight clusters of nucleosome occupancy. Similarly, the frequency and positions of yeast TATA boxes (Basehoar et al. 2004 ) was compared between the two classes. Human TATA boxes were defined as previously described (Tirosh et al. 2006) . Binding site turnover was defined as in Doniger and Fay (2007) , excluding cases where the change in position is >500 bp.
H2A.Z
Yeast genes with the 20% highest H2A.Z occupancy were defined as H2A.Z-containing, as in Zhang et al. (2005) . Human H2A.Z data were taken from Barski et al. (2007) , and the number of tags that were mapped to the 500 bp upstream of each TSS was calculated, log 2 -transformed, and normalized to a mean of 0 and standard deviation of 1.
